Marburg virus (MARV) and Ebola virus, members of the family Filoviridae, cause lethal haemorrhagic fever in humans and non-human primates. Although the outbreaks are concentrated mainly in Central Africa, these viruses are potential agents of imported infectious diseases and bioterrorism in non-African countries. Recent studies demonstrated that non-human primates passively immunized with virus-specific antibodies were successfully protected against fatal filovirus infection, highlighting the important role of antibodies in protective immunity for this disease. However, the mechanisms underlying potential evasion from antibody mediated immune pressure are not well understood. To analyse possible mutations involved in immune evasion in the MARV envelope glycoprotein (GP) which is the major target of protective antibodies, we selected escape mutants of recombinant vesicular stomatitis virus (rVSV) expressing MARV GP (rVSVDG/ MARVGP) by using two GP-specific mAbs, AGP127-8 and MGP72-17, which have been previously shown to inhibit MARV budding. Interestingly, several rVSVDG/MARVGP variants escaping from the mAb pressure-acquired amino acid substitutions in the furin-cleavage site rather than in the mAb-specific epitopes, suggesting that these epitopes are recessed, not exposed on the uncleaved GP molecule, and therefore inaccessible to the mAbs. More surprisingly, some variants escaping mAb MGP72-17 lacked a large proportion of the mucin-like region of GP, indicating that these mutants efficiently escaped the selective pressure by deleting the mucin-like region including the mAb-specific epitope. Our data demonstrate that MARV GP possesses the potential to evade antibody mediated immune pressure due to extraordinary structural flexibility and variability.
INTRODUCTION
Marburg virus (MARV), like the closely related Ebola virus (EBOV), belongs to the family Filoviridae, a family of viruses that have non-segmented, negative-sense, ssRNA. These viruses can cause severe haemorrhagic fever in humans and non-human primates . Eight sporadic outbreaks of Marburg haemorrhagic fever have been reported, mainly in Central Africa , with the largest outbreak in Angola in 2004 to 2005 in which 329 fatalities were reported from 374 confirmed cases (case fatality rate 88 %). While MARV circulation among Egyptian fruit bats (Rousettus aegyptiacus) was recently suggested (Amman et al., 2012; Towner et al., 2009) , the transmission routes to humans and nonhuman primates and the mechanisms underlying MARV perpetuation in nature are largely unknown. Therefore, MARV is one of the major pathogens posing a significant public health threat for imported infectious disease and bioterrorism.
target of the protective antibodies is likely to be the MARV glycoprotein (GP), since GP is the only viral protein on the virion surface and is therefore the primary mediator of viral entry into host cells. Although MARV entry is not fully understood, it is most likely to be triggered by attachment to its cell surface receptor(s), followed by uptake via endocytosis, which finally results in fusion between the viral envelope and the endosomal membrane (Takada et al., 1997; Wool-Lewis & Bates, 1998) . Due to its essential functions, GP is thought to be the key factor in MARV growth, cell tropism, host range and pathogenicity.
Before its assembly into progeny virions, the precursor GP is post-translationally modified in the host cells. While trafficking through the trans-Golgi network, immature GP is proteolytically cleaved into two subunits, GP1 and GP2, by the ubiquitous host proprotein convertase furin (Volchkov et al., 2000) . The subunits GP1 and GP2 are covalently linked via a disulphide bond, and three GP1/ GP2 heterodimers form a chalice-like trimetric structure (Lee et al., 2008) . The canonical furin-recognition sequence (Arg-X-Lys/Arg-Arg in which X is any amino acid) is highly conserved among GPs of all known MARV and EBOV with the exception of Reston virus, whose GP possesses a suboptimal furin-recognition motif (Arg-LysGln-Lys-Arg). Interestingly, this motif is also present in the GP of Lloviu virus, a putative novel member of the family Filoviridae, whose genome was detected in carcasses of insectivorous bats (Miniopterus schreibersii) in roosting caves in Europe (Negredo et al., 2011) . Although the high conservation of the furin-recognition motif among filoviruses implies some biological significance for GP cleavage, studies employing reverse genetics have demonstrated that the cleavage is not essential for virus replication in vitro and pathogenicity in non-human primates (Ito et al., 2001; Neumann et al., 2002 Neumann et al., , 2007 Wool-Lewis & Bates, 1999) .
It is also well documented that filovirus GPs are extensively modified with both N-and O-linked glycans during transport through the endoplasmic reticulum and Golgi apparatus (Feldmann et al., 1991 (Feldmann et al., , 1994 . Most of the Olinked glycans are concentrated in the middle one-third of GP (amino acid positions 289-501), the region that is highly divergent among filovirus GPs and designated the mucin-like region. The mucin-like region is predicted spatially to cover a huge portion of the mature trimeric GP molecule (Lee et al., 2008) . It is therefore believed that the mucin-like region masks the putative receptor-binding sites from neutralizing antibodies by steric shielding of the antibody-specific epitopes (Brindley et al., 2007; Dube et al., 2009; Francica et al., 2010; Kuhn et al., 2006; Lee & Saphire, 2009; Lee et al., 2008; Manicassamy et al., 2005; Reynard et al., 2009) . The mucin-like region also plays an important role in virion attachment to the preferred target cells (e.g. hepatocytes, endothelial cells, dendritic cells and macrophages), which express a wide array of lectins and are probably involved in filovirus pathogenesis (Matsuno et al., 2010; Simmons et al., 2002; Takada et al., 2004) . Interestingly, passive transfer of anti-EBOV GP mAb 12B5-1-1, which recognizes an epitope in the mucin-like region, is protective in a mouse model of lethal EBOV infection (Wilson et al., 2000) .
While information regarding the protective role of antifilovirus antibodies is gradually being accumulated, the possible mechanisms underlying evasion from antibody mediated inhibition of viral infectivity are not well understood. We previously demonstrated that MARV GP-specific mAbs AGP127-8 (IgG1) and MGP72-17 (IgM), which do not inhibit GP-mediated entry of MARV into host cells, have the ability to drastically reduce budding and release of progeny viruses from MARV-infected cells (Kajihara et al., 2012) . In this study, we utilized a recombinant vesicular stomatitis virus (rVSV) whose surface glycoprotein gene was replaced with the MARV GP gene (rVSVDG/MARVGP) to obtain escape variants from immune selection with the MARV GP-specific mAbs AGP127-8 and MGP72-17 (Schnell et al., 1996; Takada et al., 2003) . Sequence data revealed that the GPs of some of these escape variants had an altered furin-recognition motif resulting from point mutations, although the mAbs do not recognize epitopes within this motif. More surprisingly, the mucin-like region containing the epitope of mAb MGP72-17 was largely lacking in the GP of some variants that escaped immune selection. Here, we report novel mechanisms by which MARV evades antibody mediated immune pressure.
RESULTS
Inhibitory effect of mAbs AGP127-8 and MGP72-17 on plaque formation of rVSVDG/MARVGP Two clones of MARV GP-specific mAbs, AGP127-8 and MGP72-17, were used in this study (Kajihara et al., 2012; . Previously, we reported that mAbs AGP127-8 and MGP72-17 had the potential to inhibit budding of MARV from infected cells (Kajihara et al., 2012) . In this study, we first evaluated the ability of these mAbs to suppress plaque formation of rVSVDG/MARVGP on Vero E6 cells. We found that the size of plaques formed in the presence of mAb AGP127-8 or MGP72-17 was significantly reduced compared with treatment with an irrelevant control antibody, APH159-1-3, or without any antibody, although the virus could still form tiny plaques that were barely visible on stained cells (Fig. 1a, b) . Neither mAb decreased the number of plaques (Fig. 1c) , a finding in line with the previous observation that MARV GPmediated entry into cells is not impaired by these mAbs (Kajihara et al., 2012) . Taken together, these data suggest that the plaque size of rVSVDG/MARVGP was reduced by the inhibitory effect of mAbs AGP127-8 and MGP72-17 on virus budding.
Cloning of mutant rVSVDG/MARVGP that escapes from mAbs AGP127-8 and MGP72-17 selective pressure
In the present study, we utilized rVSVDG/MARVGP to select escape mutants of mAbs AGP127-8 and MGP72-17. Previously, chimeric rVSV expressing EBOV GP was used to identify the epitopes of neutralizing EBOV GP-specific mAbs by sequencing the EBOV GP genes of cloned escape variants (Takada et al., 2003) . The study demonstrated that rVSV was a useful tool for the selection of GP antigenic variants, since rVSV replicates more rapidly in cultured cells than wild-type (WT) MARV and the RNA polymerase of VSV has a high mutation rate (Holland et al., 1990) . These properties of rVSVDG/MARVGP led us to expect that escape mutants would be efficiently rescued in the presence of mAbs. Serial passaging and plaque purification in the presence of these mAbs allowed us to obtain multiple escape variants. These mutants could form large plaques even in the presence of mAb AGP127-8 or MGP72-17, and the plaques were comparable in size to those formed in the absence of the mAbs (data not shown).
Mutations found in the GPs of escape rVSVDG/ MARVGP mutants
Sequence analyses of the escape mutants revealed that rVSVDG/MARVGP acquired mutations at several different positions in the MARV GP sequence to evade the selective pressure of mAbs AGP127-8 and MGP72-17 (Fig. 2) . The control virus cultured similarly in the absence of antibodies had no mutations in its GP compared with the parent strain (data not shown), indicating that acquired mutations in the presence of mAbs AGP127-8 and MGP72-17 were not the result of propagation in Vero E6 cells. A variant selected with mAb AGP127-8 (A127 variant # 5) acquired three amino acid substitutions: Val at position 407, Leu at position 428 and Val at position 429 were replaced with Ala, Pro and Ala, respectively (Fig. 2b) . Another mutant selected with mAb MGP72-17 (M72 variant # 2) acquired a single amino acid substitution: Tyr at position 430 was replaced with Asp ( Fig. 2b) . Interestingly, AGP127-8 variants # 1 and # 4 had a single amino acid substitution at the furin-recognition motif ( 432 Arg-Arg-Lys-Arg 435 ): Lys at position 434 mutated to Asn, and Arg at position 435 mutated to Gln, respectively (Fig. 2b ). M72 variants #1 and #6 also acquired a single amino acid substitution at the furin-recognition motif (Fig. 2b ): Args at position 435 and 432 were changed to Gln and Gly, respectively. It is well established that the furin cleaves proteins just downstream of its recognition sequence Arg-X-Lys/Arg-Arg, suggesting that MARV GP variants that acquired the point mutation in this motif had decreased furin-cleavability. Another interesting finding was that two rVSVDG/MARVGP variants which escaped from mAb MGP72-17 selective pressure had extensive deletion in their GPs (Fig. 2c ). M72 variant #7 had deletion of amino acids 341-429 in the mucin-like region in the GP1 subunit: M72 Antibody concentration (mg ml -1 ) Fig. 1 . Inhibition of rVSVDG/MARVGP plaque formation by MARV GP-specific mAbs. rVSVDG/MARVGP was inoculated onto confluent Vero E6 cells and incubated at 37 6C for 2 days with 1.0 % agarose in maintenance medium in the presence (2, 10 or 50 mg ml "1 ) or absence of each mAb. Cells were stained with crystal violet. mAbs AGP127-8 and MGP72-17 are MARV GP specific. mAb APH159-1-3 was used as an irrelevant negative control. (a) Plaque formation of rVSVDG/MARVGP in the presence (50 mg ml "1 ) or absence of mAbs. The size (b) and number (c) of rVSVDG/MARVGP plaques are shown relative to the size and number of plaques in the absence of mAbs. This assay was performed at least three times; mean values and SD are shown. Data were statistically analysed by Student's paired t-test and asterisks represent significant differences. *, P,0.001 for the difference of the plaque size in the presence of MARV GP-specific mAbs or control APH159-1-3.
variant #11 lacked amino acids 256-433, which is more than 25 % of GP, and notably the mucin-like region in GP1 was totally eliminated. Finally, we confirmed by ELISA that all the obtained MARV GP mutants showed a remarkable reduction in binding ability to the respective selection mAbs while there was no significant difference in overall expression levels between the mutant and parental GPs (Fig. 3) .
Identification of the epitopes of mAbs AGP127-8 and MGP72-17
The mutations found in the MARV GP variants selected with mAb AGP127-8 or MGP72-17 were concentrated in the Cterminal region of GP1, as shown in Fig. 2 . To identify the specific epitopes of mAbs AGP127-8 and MGP72-17, the reactivities of both mAbs to synthetic peptides derived from MARV GP (amino acid positions 401-420, 411-430 and 421-435) were tested. We found that both mAbs bound strongly to a peptide corresponding to amino acids 411-430, but not to any of the other peptides tested, despite the ten overlapping amino acids between each of the peptides (Fig.  4) . Finally, we confirmed by immunostaining that mAbs AGP127-8 and MGP72-17 did not bind to recombinant MARV GP whose amino acids 410-430 were artificially deleted (data not shown). The data indicated that the specific, linear epitope of each mAb was located between aa 411 and 430, and that the furin-cleavage motif itself was not essential for epitope conformation.
Reduced cleavability of MARV GPs with mutations in the furin-cleavage motif
To determine the cleavability of the mutant GPs that possessed point mutation(s) found in or near the furinrecognition motif, Marburg virus-like particles (VLPs) consisting of the viral major matrix protein VP40 and the WT or mutant GP were subjected to Western blotting, and the relative band intensities between uncleaved GPs and GP2 subunits were compared (Fig. 5) . These VLPs containing WT or variant GPs were indeed similarly produced from transfected cells (data not shown), suggesting that cell surface expression levels of these GPs and their incorporation into VLPs were not significantly affected by the mutations. We found that MARV GP2, but not uncleaved MARV GP, was detected in WT GP, indicating that WT GP was completely cleaved by host proteases including furin (Fig. 5) , a finding in line with previously published data (Volchkov et al., 2000) . A127 variant # 5, which acquired point mutations at three positions outside the furin-recognition motif, was also completely processed into the GP1 and GP2 subunits (Fig.  5) . In contrast, substantial amounts of uncleaved GP were detected in mutant GPs (A127 variant #4 and M72 variant #1) that acquired a point mutation at amino acid position 435 (Arg to Gln) and, accordingly, reduced amounts of GP2 were detected (Fig. 5) . Similarly, uncleaved GP was detected on VLPs bearing GP of A127 variant # 1 and M72 variant #6, which had point mutations in the furinrecognition motif at positions 434 and 431, respectively, indicating decreased proteolytic processing of these variant GPs. Although the mutation found in the GP of M72 variant # 2 was not located in the furin-recognition motif, only a faint band of uncleaved GP was detected, suggesting that the mutation at position 430 might influence furin cleavage. Since the cleavage efficiency of mutant MARV GPs correlated directly with binding activity to mAbs AGP127-8 and MGP72-17 (Figs 3 and 5), point mutations in the furin-recognition motif probably recessed the epitopes in the uncleaved GP molecule and contributed to rVSVDG/MARVGP escape from antibody selective pressure.
DISCUSSION
In general, viruses possess the ability to escape antibody mediated neutralization (Hangartner et al., 2006) . Substitutions at amino acid residues directly involved in contact with neutralizing antibodies often result in the loss of antibody recognition, which is a common mechanism by which viruses escape antibody mediated neutralization. However, alternative mechanisms to escape antibody recognition were reported for hepatitis C virus, where amino acid substitutions located outside the antibodyspecific epitope in the surface glycoprotein altered receptor usage (Fofana et al., 2012) . Another example is provided by human respiratory syncytial virus: the antibody specific epitope is destroyed by deletion of a nucleotide from the viral genome, resulting in a frameshift of the protein sequence in the glycoprotein C-terminal region eliminating the epitope (García-Barreno et al., 1990) .
In this study, we investigated other mechanisms for viral evasion from antibody mediated immune pressure. We found that some of the rVSVDG/MARVGP variants selected in the presence of mAbs AGP127-8 and MGP72-17 (A127 variants #1 and #4 and M72 variants #1 and #6) acquired a point mutation that altered the optimal furinrecognition motif at the C terminus of GP1. However, the furin-recognition motif itself is unlikely to serve as the antibody-specific epitope sequence for both mAbs (Figs 2  and 4) . The antibody-specific epitopes were indeed identified near the C terminus of GP1, adjacent to the furin-recognition motif, but no amino acid substitutions HEK293T cells were co-transfected with pCAGGS expressing MARV GP and VP40. Produced VLPs bearing WT or mutant MARV GPs were analysed by 7.5 % SDS-PAGE, followed by Western blotting. The uncleaved GP and the GP2 subunit were detected using mAb MGP14-22 that recognizes the epitope located in the GP2 subunit. The experiment was performed three times; a representative dataset is shown.
were found in this epitope sequence of these escape variants. Our findings lead to the hypothesis that the mutant MARV GPs are not efficiently cleaved by furin and therefore the mAb-specific epitope is not exposed on the surface of the uncleaved GP molecule (Fig. 5) . Subsequently, mAbs AGP127-8 and MGP72-17 are unable to access their specific epitopes, although the epitope sequence itself remains intact (Fig. 3) . Further supporting our hypothesis is the finding that the binding activity of both mAbs to the mutant GPs correlated positively with the cleavage efficacy of these GPs (Figs 3 and 5) . Notably, proteolytic processing of GP by furin is dispensable for EBOV replication in vitro and in vivo (Ito et al., 2001; Neumann et al., 2002 Neumann et al., , 2007 Wool-Lewis & Bates, 1999) . It was also suggested that furin cleavage is not essential for the fundamental function of MARV GP (i.e. mediating virus entry and incorporation into virions in vitro) (Matsuno et al., 2010) . Therefore, it may be possible that MARV can lose the optimal furin-recognition motif in GP without changing their biological phenotype, at least in non-human primate hosts. However, since cleaved form GP molecules were detected to some extent despite the dramatic loss of binding ability to the mAbs (Figs 3 and 5) , alternative or additional mechanisms of virus escape from mAb pressure may also be considered, e.g. that the point mutation in the motif may affect the epitope conformation by changing electric charge or glycosylation pattern around the epitopes. Different electric mobilities among GP variants in Fig. 5 may be explained by assuming that a point mutation in the furin-cleavage motif influences glycosylation.
Interestingly, some of the MARV GP variants selected with mAb MGP72-17 acquired a more severe mutation, a complete or partial deletion of the mucin-like region in GP1 including the MGP72-17-specific epitope (Figs 2c and  4) . The mechanism underlying the deletion of the mucinlike region in MARV GP is unclear. However, it was reported that parts of the spike protein of mouse hepatitis virus were deleted during persistent infection in the central nervous system (Rowe et al., 1997a) ; these deletions were frequently observed in regions where the RNA was predicted to form a stem-loop secondary structure (Rowe et al., 1997b) . Therefore, it is possible that such secondary structures in RNA are required for the deletion of the mucin-like region in MARV GP under antibody mediated immune pressure. Similarly to the furin-recognition motif, it has also been shown that the mucin-like region is not essential for the MARV GP function to mediate cellular entry in vitro (Matsuno et al., 2010; Simmons et al., 2002; Takada et al., 2004) . Our data also support the idea that the mucin-like region is dispensable for virus replication in vitro. However, it still needs to be clarified by using a reverse genetics approach whether the deletion of the mucin-like region changes the filovirus phenotype, both in vitro and in vivo.
While the direct inhibition of GP attachment to cell surface or endosomal receptor(s) and blocking fusion of the virus and host cell membranes are likely to be key mechanisms of classical neutralization of filovirus infectivity (Lee & Saphire, 2009; Shedlock et al., 2010; Takada et al., 2003) , we have previously shown that non-neutralizing mAbs such as AGP127-8 and MGP72-17 inhibit MARV budding (Kajihara et al., 2012) . Accordingly, amino acid substitutions found in the escape EBOV GP selected with anti-EBOV neutralizing mAbs were completely different from those identified in this study (Takada et al., 2003) . Although the mechanisms of MARV budding inhibition by mAbs AGP127-8 and MGP72-17 are not fully understood, our data show that non-neutralizing antibodies may also serve as factors driving MARV evolution.
Taken together, the findings in the present study suggest that MARV GP has extraordinary flexibility and variability to evade antibody mediated immune pressure. Although recent studies have demonstrated that antibody therapy is a promising approach for the treatment of filovirus infections (Dye et al., 2012; Marzi et al., 2012; Olinger et al., 2012; Qiu et al., 2012) , the emergence of escape mutants has not been fully discussed. Further information on the mechanisms underlying antibody mediated inhibition of MARV infectivity and evasion from antibody recognition will provide important information for the development of prophylactic and/or therapeutic countermeasures utilizing antibodies with higher protective efficacy and reduced risk of generating escape variants.
METHODS
Viruses and cells. rVSVDG/MARVGP, recombinant replicationcompetent chimeric VSV whose glycoprotein gene was replaced with MARV (strain Angola) GP, was generated as described previously (Takada et al., 2003) . mAbs. MARV GP-specific murine mAbs AGP127-8 (IgG1), MGP14-22 (IgG1) and MGP72-17 (IgM) were generated as described previously (Kajihara et al., 2012; . Protein A agarose columns (Bio-Rad) and KAPTIVE-M (Tecnogen) were used to purify the IgG1 (AGP127-8 and MGP14-22) and IgM mAbs (MGP72-17), respectively, from mouse ascites. mAb APH159-1-3 (murine IgM) specific to influenza A virus haemagglutinin, was used as an irrelevant control antibody. Animal studies were carried out in strict accordance with the Guidelines for Proper Conduct of Animal Experiments of the Science Council of Japan. The animal protocol was approved by the Hokkaido University Animal Care and Use Committee.
Plaque assay using rVSVDG/MARVGP. Conventional plaque assays were performed as described previously (Takada et al., 2003) . Briefly, confluent Vero E6 cells infected with rVSVDG/MARVGP mixed with or without a mAb were incubated at 37 uC for 2 days with IP: 54.70.40.11
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1.0 % agarose in maintenance medium in the presence (2, 10 or 50 mg ml
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) or absence of mAbs. The cells were stained with crystal violet and then the number and size of rVSVDG/MARVGP plaques were determined. The relative plaque number and size were calculated by comparison with those in the absence of the mAb to 100.
Selection of escape mutants. Tenfold serial dilutions of rVSVDG/ MARVGP were inoculated into Vero E6 cells and cultured with mouse ascites (1 : 100-1 : 200 dilutions). Mutant viruses growing in the presence of the mAbs were harvested from the highest dilution of the virus. This procedure was repeated and the growth of the virus in the presence of the antibodies was confirmed. Finally, escape variants were cloned through plaque purification in the presence of mAbs. Viral RNAs were extracted and the nucleotide sequences of the GP genes were determined using standard procedures. cDNAs of WT and mutant MARV GPs were cloned into the mammalian expression plasmid pCAGGS as described elsewhere (Matsuno et al., 2010) . The mutation at aa 435, Arg to Leu, which was reported to hinder the proteolytic cleavage of GP (Volchkov et al., 2000) , was introduced into the WT GP gene by site-directed mutagenesis with the QuikChange Site-Directed Mutagenesis kit (Stratagene).
ELISA. The binding activities of mAbs AGP127-8 and MGP72-17 to MARV GPs were tested using HEK293T cells grown on 96-well plates and transfected with pCAGGS expressing WT or mutant GPs. Following 48 h incubation at 37 uC, cells were fixed with 4 % paraformaldehyde and permeabilized with 1 % Triton X-100. For identification of mAb epitopes, 96-well plates were coated with synthetic peptides (1.25 mg per well) corresponding to aa 401-420 (SPTTTVPNTTNKYSTSPSPT), 411-430 (NKYSTSPSPTPNSTAQHLVY) and 421-435 (PNSTAQHLVYFRRKR) of MARV GP, strain Angola. Nonspecific binding of the antibodies was avoided by blocking with PBS containing 1 % BSA fraction V (Roche). After several washes, 50 ml of mAbs AGP127-8, MGP72-17 and APH159-1-3 at the indicated concentration was added to each well and incubated for 1 h at room temperature. After washing, the IgG and IgM mAbs bound to antigens were detected using goat anti-mouse IgG (Jackson ImmunoResearch) and anti-mouse IgM (KPL)-conjugated HRP, respectively. After incubation for 1 h at room temperature and four washes, 50 ml of 3,39,5,59-tetramethylbenzidine (Sigma) was added and the mixture was incubated for 15 min at room temperature. The reaction was stopped by adding 1 N sulphuric acid and the optical density (OD) at 450 nm was measured. Similar expression levels of each mutant GP were confirmed with anti-MARV GP rabbit serum FS0505 produced by immunization with a synthetic peptide corresponding to aa 67-81 (SKRWAFRTGVPPKNV) of MARV Gp, crossreactive for all mutant MARV GPs.
SDS-PAGE and Western blotting. HEK293T cells were cotransfected with pCAGGS expression plasmids encoding the WT or mutant MARV GP gene and major matrix protein VP40 gene. At 48 h post-transfection, the supernatants were collected and cleared from cell debris. VLPs consisting of MARV GP and VP40 in the supernatant were concentrated by performing ultracentrifugation through a 25 % sucrose cushion. The harvested VLPs were then analysed by 7.5 % SDS-PAGE and subsequent Western blotting, as described previously (Kajihara et al., 2012) . Briefly, VLPs were mixed with SDS-PAGE sample buffer with 5 % 2-mercaptoethanol for detection of cleaved or uncleaved GPs and heated for 5 min at 98 uC. After electrophoresis, the separated proteins were blotted on a polyvinylidene difluoride membrane (Millipore). mAb MGP14-22 recognizing an epitope located in GP2 was used as the primary antibody to detect both the uncleaved GP and the GP2 subunit. The bound antibody was detected with peroxidase-conjugated goat antimouse IgG, followed by visualization with Immobilon Western (Millipore).
